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Abstract-A physically based mathematical model for an electric power system is developed 
to provide an adequate test bed for the testing and evaluation of slow speed dynamics 
emergency state control strategies. This model incorporates all the major components of the 
system, includes explicit representations for all the major physical variables and control, and 
is capable of simulating a wide variety of emergency contingencies. The dependence of the 
overall power system’s behavior on the response characteristics of mechanical prime movers 
and the limitations placed on the overall system’s response by absolute power and power 
rate capability constraints of the prime movers are described. Certain stochastic aspects of 
the system’s behavior as well as the mechanisms governing cascading failures, which have 
characterized many major power system collapses in recent years, are introduced, and 
problems concerning the control of electric power systems under emergency state operating 
conditions are identified. Simulations are presented to demonstrate the behavior of the 
system under normal and emergency operating conditions and to show the importance of 
tie-line interconnection, especially to a region that is importing power from the rest of the 
system, as well as the effects of governor control action, initial pressure limiter and 
generation schedule prior to disturbances. 
1. INTRODUCTION 
Major electric power system disturbances in recent years, for example, the “northeast 
blackout” of 1965 and the “New York City blackout” of 1977 [l, 2,3] have motivated a great 
deal of interest in the study and development of emergency state control strategies for large 
scale interconnected electric power systems. In this regard, an adequate mathematical model 
for the power system is essential in two respects. First, to provide an understanding of the 
behavior of the system under rather abnormal conditions of emergency state operation and 
so aid in the formulation of the emergency state control strategy; and secondly, to serve as 
a realistic test bed for simulation testing and evaluation of control strategies before actual 
implementation on the physical system. 
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In this paper, a methodology for the development of a physically realistic model for an 
electric power system is presented. The governing equations describing the behavior of the 
model are derived using first principles-physical laws and constitutive relationships. The 
physical laws include continuity, energy and momentum equations; and the constitutive 
relations describe additional governing characteristics of the system, for example, voltage and 
frequency dependence of loads and auxiliaries, torque-speed characteristics of synchronous 
machines, thermodynamic properties relations, etc. The model incorporates all the major 
components of the system, includes explicit representations for all the major physical 
variables and control, and is capable of simulating a wide variety of emergency contingencies. 
A feature of the model is that the limitations placed on the performance of the overall 
power system by mechanical prime movers comprising the boiler-turbine units and empha- 
sized and the mechanisms leading to these limitations are suitably modelled [4]. Also, the 
interrelationships between the mechanical and electric components of the system are 
modelled, and the limitations placed on power plant capability by voltage and frequency 
dependence of auxiliaries [5] are represented. Many previous models [6,7,8] do not exhibit 
these features and so do not adequately represent power plant behavior under certain 
abnormal operating conditions. In fact, many power system failures have resulted from the 
incapability of the mechanical prime movers to respond fast enough to meet system demand 
[9, 101. 
In the present model, the electric power system is described as comprising three major types 
of components: 
l Power plants-mechanical prime movers (boilers, turbines, etc.) and electric gener- 
ators; 
0 Loads; and 
l Network (transmission equipment). 
A model for each of these components is developed individually and is then mated with the 
others to provide an adequate representations for the system. A seven-bus model power 
system is selected as a test example; and simulation tests are presented to demonstrate the 
behavior of the system under normal and emergency operating conditions. 
2. POWER PLANT MODEL 
The power plant is represented by the boiler-turbine model and the generator/average 
system frequency model. 
2.1. Boiler-turbine model 
In the maneuver of an electric power system during emergencies, the mechanical prime 
movers comprising the boiler-turbine units place limitations on the performance of the 
overall system. These limitations include maximum power capability limits and power rate 
limits which can be safely undertaken under existing conditions. The maximum power 
capability limits represent design specifications that generally cannot be exceeded. The power 
rate limits are imposed to safeguard the equipment against undue stresses and possible 
consequent damage. These rate limits depend on the type of plant. In most currently 
operating fossil-fired steam power plants, the power rate is limited to 10% (of full load value) 
per minute for power level increases and to 133% per minute for power level decreases [4,9]. 
Higher rate limits apply to gas turbines and hydroelectric plants, whereas lower rate limits 
apply to nuclear power plants. Actually the rates specified by the manufacturers are seldom 
realized in practice, as plant operators tend to be rather conservative; to the extent that they 
are more interested in protecting the generating equipment against damage than in meeting 
customer demand. 
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So important is the idea of protecting the power generating equipment against undue 
stresses that apart from the limits on the power rate, additional constraints are imposed on 
the system by way of the Initial Pressure Limiter (IPL). This is a mechanism that closes the 
turbine control valve if the throttle pressure drops below a certain prescribed level, and opens 
the valve if the throttle pressure rises above another prespecified level. The net effect of such 
an action is to prevent undesirable steam temperature xcursions that could generate turbine 
stresses. Another aspect of power plant dynamics that is important to power system 
emergency state operation concerns the dependence of some plant auxiliaries on the electrical 
system voltage and frequency [5]. Some essential plant auxiliaries, including draft fans and 
water pumps, are driven by induction motors whose outputs are dependent upon the supply 
voltage and frequency [ 111. Consequently, under conditions of low voltage and frequency the 
associated auxiliaries may be incapable of supplying demanded quantities of air or water and 
thus affect the output of the power plant. 
These limitations are often ignored in many a power plant model. It is however apparent 
that in order to have a satisfactory representation for the power plant under emergency state 
operating conditions, these limiting constraints must be suitably modelled. 
A block diagram of a nonlinear physically based low-order model of a drum-type fossil 
fired boiler-turbine unit is given in Fig. 1. This model satisfies the requirements pecified 
above and is considered adequate for representing power plant dynamics during normal and 
emergency operating conditions. 
Model equations 
The power plant model is lumped into seven major components: drum, superheater, 
reheater, turbine, boiler controls, auxiliaries, and turbine control. The model is seventh order, 
with three states describing the dynamics of the physical process and four states describing 
the control system. Although the model has been normalized and represented in a per-unit 
basis, it is designed to represent a recently commissioned modem 600 MW power plant. 
Actually, by retaining the model structure and suitably selecting (or identifying) the model 
parameters, different power plants can be represented. The governing equations describing 
the dynamic behavior of the power plant are given below. 
Drum. The drum is represented by a thermo-fluid capacitor with the dynamics described 
by a combined energy/continuity equation: 
dt t,, 
where Pd, Td, Q,,w, and W, are drum pressure, characteristic time constant of drum, firing rate, 
and drum steam flow rate, respectively. The state variable associated with the drum is the 
drum pressure Pb 
Superheater. The superheater is represented by a combined capacitor and resistor, and its 
dynamics is described by the energy/continuity equation: 
and flow/momentum equations: 
dP, 1 
- =;(w,- w,) 
dt sh 
(2) 
W d= +(pd-f? 
J sh 
w, = C,*P,, (4) 
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where P,, 7,, Kshr C,, and W, are throttle pressure, superheater characteristic time constant, 
superheater flow constant, control valve normalized area and turbine steam flow rate, 
respectively. The state variable associated with the superheater is the throttle pressure P,. 
Reheater. The reheater is represented by a capacitor with first order dynamics described 
by an energy/continuity equation: 
dP 1 
- = ;( w, - P,), 
dt , 
(5) 
where P, and 7, are reheat pressure and reheater characteristic time constant, respectively. The 
state variable associated with the reheater is the reheat pressure P,. 
Turbine. The turbine is simply represented by an energy conversion system which 
transforms thermofluid energy into rotational mechanical energy used for driving the 
generator. The turbine comprises the high-pressure and low-pressure cylinders, and the net 
power output MW is the sum of the contributions from the two cylinders. The turbine is 
described by 
MW = K,W,+(l - K,)P,, (6) 
where K, is the fraction of power contributed by the high pressure cylinder, and is generally 
of the order of 0.3. 
Boiler controls. The unit presented in Fig. 1 is boiler-following in the sense that load 
demands are met by changing the turbine control valve position and the boiler controls act 
only to regulate the throttle pressure which is directly affected by control valve movements. 
The boiler controller yields proportional-plus-integral control action designed to regulate the 
throttle pressure. The output of the controller is the boiler firing rate demand C,. This 
conventional P-Z control system is described by 
$$f = $Pw - P,) 
Cb = Kp[C*i + (P-t - PJI, 
(7) 
(8) 
where C,, C,, Pm, 7p, and Kp are integral component of boiler control signal, boiler firing 
rate demand, throttle pressure setpoint, boiler control reset time and boiler control 
proportional gain, respectively. The state variable associated with the boiler control system 
is the integral part of the control C,. 
Auxiliaries. During periods of emergency state operation characterized by abnormal 
frequency and voltage conditions, there is often no guarantee that the boiler firing rate 
demand can be met. This stems from the fact that certain important boiler auxiliaries [e.g., 
induced draft (ID) and forced draft (FD) fans) are driven by induction motors whose outputs 
are voltage and frequency dependent [4,5,11]. Consequently, the actual boiler firing rate Q,,,w 
that can be realized is dependent upon the operating capabilities of the auxiliaries. This 
phenomenon is modelled by passing the boiler firing rate demand signal C, through a 
functional block which compares the demand with the capability of the auxiliaries and 
provides as its output the actual boiler firing rate Q,,,v. This function is represented by 
(9) 
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Voltage (per unit) 
0.85. 
c 
.94 .95 .96 .97 .98 .99 1.0 1.01 Frequency 
Fig. 2. Voltage and frequency dependence of auxiliary’s capability. 
where A, is the maximum capability of the auxiliaries under the existing voltage and 
frequency conditions. The dependence of the maximum capability of the auxiliaries on 
voltage and frequency is modeled by suitably combining the torque/frequency/voltage 
characteristics of the driving induction motors [l l] with the torque/pressure/flow/speed 
characteristics of the fans [12, 131. A result of such an analysis for our prototype unit is 
presented in Fig. 2. 
Turbine controls. The turbine control system comprises four major components: load 
control unit, load reference motor, governor control action and valve control unit. Associated 
with some of these components are limits which constrain the excursions of corresponding 
variables. 
Loud control unit. The load control unit has the function of maintaining a balance 
between the load demand, prescribed by the load demand command (LDC) signal, and the 
actual power output. It comprises a feed forward component to ensure fast response and a 
P-Z component to ensure zero steady-state rror. The load control unit is described by 
C, = LDC + &[C, + (LDC + C, - MW)] (11) 
where C,, r,,, C,, MW, C,, and ?&, are integral component of the load control, load control 
reset time, frequency error factor, power output, load control signal and load control 
proportional gain. The frequency error factor C, (see “governor control unit” below) is 
introduced to enhance proper functioning of the P-Z system during abnormal frequency 
operation. 
Load reference motor. The load reference motor determines the actual load demand 
signal that is transmitted to the turbine valve control unit. It limits this signal in both 
magnitude and rate of change. In essence, it affects both the maximum power capability and 
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power rate capability limits of the plant. The load reference motor rate limit is 
Cfn = +tC, - LA 
m 
Gmi”, if G < Ctirmn, 
C m= GmaXJ if C, > Gmaxj 
G otherwise. 
The motor equation and output limit is 
dL 
--!!! = cm 
dt 
01 L,I 1.0, 
149 
(12) 
(13) 
(14Hl5) 
where C,,,, T,, L,,,,, Gtminj7 and CMmsxJ are load reference motor driving error, load reference 
motor time constant, load reference motor output signal, load decrease rate limit and load 
increase rate limit, respectively. 
Governor control action. The governor control action is designed to regulate the system’s 
frequency by proportional control action and it is of the form 
C*=&%-0) (16) 
“r 
where C,, c,,,, CO, and w,, are governor control signal, governor droop, frequency and 
frequency setpoint, respectively. 
Valve control unit. The control valve is driven by the sum of the load reference motor and 
governor control signals. The actual response of the valve is nevertheless limited by the initial 
pressure limiter (IPL), valve rate limit and valve output limits. The initial pressure limiter acts 
to cause the control valve to start closing when the throttle pressure gets below 95% of set 
value and to close completely if throttle pressure gets below 85% of set value; and on the other 
hand it causes the valve to open when the throttle pressure gets above 105% of set value and 
to open completely if the throttle pressure gets above 115% of set value. This phenomenon 
is illustrated in Fig. 3. The valve control unit is described by the initial pressure limiter (IPL): 
c ,rL, = max{O, lO(P, - 0.85)) 
C ipLz = min( 1, lO(P, - 1.05)) 
C, = max{GpLz, min(G.,,, L, + C,}). 
Valve Limit 
(17) 
(18) 
(19) 
Feasible Region 
.85 .90 .95 1.0 1.05 1.10 1.15 Throttle Pressure 
(per unit) 
Fig. 3. Initial pressure limiter. 
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The valve rate limit is 
The valve equation and output limit is 
dCw _ c 
dt 
“a, olc”,rl.o, (22)-(23) 
where GP~lr GpLz. C,, C,,,, t,, and C,, are initial pressure limiter lower bound, initial pressure 
limiter upper bound, valve position demand, valve rate, valve time constant, and control valve 
position, respectively. 
The state variables associated with the turbine control system are load control unit integral 
part C,,, load reference motor signal L,, and control valve position C,,. 
2.2. Generator/average frequency model 
In the emergency state control of the electric energy system, it is possible to distinguish 
between two problems: (i) The transient stability problem which dominates the first few 
seconds of an emergency (stability crisis) and (ii) the slow speed dynamics control problem 
which extends over periods of perhaps minutes (viability crisis) [14]. Emphasis in this study 
is placed on viability rather than stability crisis. In isolating the slow speed dynamics control 
problem, we are implicitly assuming that the system can survive the first few seconds of 
transients. Survival of the initial transients is not at any rate trivial; however, in studying 
cascading failure of the electric power system, slow speed dynamics control is more 
applicable. 
In this context, all the generators in the power system can be assumed to be operating in 
synchronism in the sense that all the rotor angles are identical and the machines swing 
together [15]. Consequently, the generator dynamics is replaced by the “average system 
frequency equation”-This is an energy conservation equation which relates changes in the 
average system frequency to the load-generation imbalance in the system. 
The response of the average system frequency w is governed by the following inertia 
equation: 
do 1 
dt = #L - P,)V 
T 
where H, P,,,, and PL are total inertia constant, total mechanical power generated and total 
load, respectively. 
In this formulation, a tie-line connection to the outside world is modeled as an infinite 
power source which supplies the necessary power to meet the load demand less the generation 
in the system. In fact, the tie line is represented as a fictitious power plant. 
An implication of the average system frequency representation (24) is that in the event that 
there is actually a load-generation imbalance, then, this imbalance is shared proportionately 
by the operating generators-the proportionality relationship being dependent upon the 
relative inertias of the generators. In essence, the electrical output PEi of the generator i is 
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given by 
i=1,2...N,, (25) 
where subscript i(j) denotes the ith(jth) generator or load, and Ng and NL are number of 
generators and number of loads, respectively. Observe that by summing over i = 1,2. . . N,, 
the total electrical output of the generators equals the total real power consumed by the loads 
(neglecting losses) even though the total mechanical power generated might be less than the 
total load. The difference is derived from the kinetic energy of the rotating machine as 
manifested by the average system frequency equation (24). 
3. NETWORK MODEL 
The power system network comprises nodes (buses) and transmission lines that inter- 
connect the buses. The behavior of this system is governed by power flow balance. This 
balance stipulates that the net power flow into a node is zero. In other words, the total power 
supplied to the node by generators equals the total power drawn by the loads plus that 
transmitted to other nodes [ 15, 17, 181. A schematic of a typical node is given in Fig. 4. For 
an N-node system, this power balance is given by 
SGi = So + Sri i=l,2...N, (26) 
where S is complex power given by S = P +jQ, and P, Q are real and reactive components 
of power, respectively. Subscripts G, L, and T define generators, loads, and transmission lines, 
respectively. By adopting the n-model for transmission lines and so substituting for 
P, = f Vi%Kj cos(c5, - sj - yii) 
j-1 
Qri = 5 ViFKj sin(b, - Sj - y&, 
j-l 
the power flow balance becomes 
-pCi+PLi+ i Vi~YgCOS(di-dj-yg)=O 
j-1 
N 
- Q, + Q,_i + 2 VibYv sin(b, - Sj - yi/) = 0 
j- I 
Generators 
S Gi 
(27) 
(28) 
i=l,2...N (29) 
i =1,2...N, (30) 
> 
Load 
sLi 
> 
Transmission 
sTl 
Node i 
Fig. 4. Schematic of a node. 
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where vi, di are node i voltage magnitude and angle; and Y+ yii are the magnitude and phase 
of line i-j admittance. 
The solution of the 2N simultaneous equations given above constitutes a solution to the 
network flow problem. There are 2N unknowns in the 2N simultaneous equations and so 
existence of a solution is possible. Actually, one of the nodes is treated as a reference node 
with the voltage magnitude and angle assumed known and so only 2(N - 1) unknowns in 
2(N - 1) simultaneous equations need be determined. 
The specific variables in Eqs. (29) and (30) that are considered known or unknown depend 
on the type of the node in question. Four types of nodes can be identified 1?4,17,18]: 
(9 
(ii) 
(iii) 
(iv) 
Type 0 or reference node: Voltage magnitude and angle are assumed knob :. the node 
is assumed to be connected to an infinite source of power and so voltage magnitude and 
angle remain unchanged. In fact a reference node is either a generator bus or an infinite 
bus. The unknowns are the generator real and reactive powers. 
Type 1 or generator node: Typically, this node is connected to generators and/or tie-lines. 
The voltage magnitude is assumed suitably controlled by the exciter so it is assumed 
known, and constant. Also the generator real power (mechanical power output of 
turbine) is assumed known. The unknowns are the voltage angle and generator eactive 
power output. 
Type 2 or load node: Typically this node is not connected to a generator and so the 
generator eal and reactive powers are assumed known and equal to zero. The unknowns 
are the voltage magnitude and angle. 
Type 3 or voltage controlled node: The voltage magnitude is assumed known as well as 
the generator real and reactive power which are equal to zero. The unknowns are the 
voltage angle and the complex turn ratio of the tap-adjustable phase transformer used 
in controlling the voltage. 
At each of the nodes the connected loads are assumed to be completely known (real and 
reactive components). In the case where a node is connected to a tie-line and this node is not 
treated as the reference node, the connection to the tie-line can be treated as a connection 
to a generator. 
4. LOAD MODEL 
The load will be represented in terms of a nominal value and a dependence on voltage and 
frequency. Such a representation for the real and reactive components of the load at the ith 
node is given by 
(31) 
(32) 
where ai, /Ii, vi, and ti are appropriate parameters, and subscript o denotes nominal value. 
5. SOLUTION TECHNIQUE 
The power system model presented above is described by two generic sets of equations: 
(i) differential equations describing the dynamics of the power plants and average system 
frequency, and (ii) algebraic equations describing the network power flow balance. These 
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equations can, respectively, be put in the following compact forms: 
dY 
-& = F(x7 Y) 
G(x, y) = 0 
(33) 
where y is the state vector of the power plants and average system frequency and x is the 
vector of network variables. Several approaches to solving this class of problems are 
suggested in the literature [19,20]. These techniques include the following: 
0 Alternating method, in which (33) is integrated over the next time step and the resulting 
y is substituted into (34) which is solved for x. 
0 Simultaneous olution of difference equations, in which (33) and (34) are combined by 
formulating the differential equations as difference equations and using a suitable 
technique to solve the combined system of equations. 
0 Elimination method, in which the equations are linearized and x is eliminated from (33) 
using (34). 
The elimination method, based on linearized equation, was rejected because it is only 
appropriate when small excursions are involved and is thus unsuited for emergency state 
simulation. The simultaneous solution of difference equations method was also rejected 
because it requires that the highly nonlinear load flow equation (34) be solved at every time 
step, and this can be time consuming. The alternating method has the shortcoming that the 
integration of the differential equations and the solution of the algebraic equations are out 
of step; however, this shortcoming is not as serious as those of the previous two methods, 
so the alternating method was selected for this work. 
In this approach, the fourth order Runge-Kutta numerical integration technique is used 
to perform the time integration and the Newton-Raphson technique is adopted in solving 
the algebraic equation (34). In essence the power plant and average system frequency 
equations are integrated and at suitably selected time steps and standard power flow analyses 
[16] are performed to compute the voltages at the buses and flows in the lines. 
Cascading failure 
Many power system collapses in recent years have been characterized by cascading failures 
[I, 2,3], wherein a fault or random event in the system triggers a sequence of failures which 
eventually leads to a collapse of the entire system or major portions thereof. In this sequence 
of events. a piece of equipment (e.g., transmission line) gets overloaded for an extended period 
and gets disconnected from service either through failure or through the action of protective 
devices; the loss of this component is tantamount to a transition of the system to a worse 
state and may result in another component being overloaded and in turn disconnected from 
service; and the whole process may propagate through until the entire system or a portion 
of it collapses. Such cascading failures can be simulated using the model presented in this 
paper. 
Transmission equipment have short-term emergency (STE) and long term-emergency 
(LTE) ratings [I], and by simulating the power system as described above and monitoring the 
magnitude of flows through critical transmission lines then any line whose flow has exceeded 
either the STE or LTE ratings for an associated prespecified length of time is disconnected 
from service in the simulation. This disconnection is achieved by setting the element of the 
154 P. B. USORO ET AL. 
admittance matrix corresponding to the overloaded line to zero, as follows: 
0 if S&t) > STE VZE[T - 7,+ 7J 
J$(T + dt) = or $,(t) > LTE Vtt$f - rtij, T] (35) 
Y,(T) otherwise. 
where Y,, T, At, zstir and rLij are the admittance of line i-j, current time, time step, short term 
emergency rating time limit, and long term emergency rating time limit, respectively. 
6. SIMULATION 
A model for a seven node-three machine system (The MIT-EPSEL Model Power 
System-Fig. 5) has been developed based on the techniques discussed above and has been 
implemented in a computer program. Simulations have been performed to demonstrate the 
behavior of the system under normal and abnormal operating conditions. Three of these 
simulations are presented below and have been selected to show system response to normal 
load changes and emergency contingencies, and the effects of governor control action, initial 
pressure limiter and generation schedule prior to the disturbance. Parameter values used for 
the three power plant models are given in Table 1. 
6.1. Test 1: Normal load demand change at 10% (of full load value) per minute 
The power system was run for 10 set at steady-state conditions corresponding to a total 
load of 2.50 per unit (real power). The base value corresponds to the maximum generation 
Inf initc 
BU8 
Hitchel Big Sandy 
50 ai 50 mi 
765- 
100 mi 
345 Kv 
50 mi 
765 Kv 
Fig. 5. MIT-EPSEL Model Power System. 
Parameter 
Emergency state response simulation 
Table 1. Parameter values. 
Plant 1, B. Sandy Plant 2, Mitchel Plant 3, Amos 
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TP 
7d 
754 
7, 
7m 
7, 
60.0 60.0 60.0 
270.0 100.0 300.0 
18.6 18.6 18.6 
5.3 5.3 5.3 
1.0 1.0 I.0 
I.0 1.0 1.0 
10.0 10.0 10.0 
10.0 10.0 10.0 
0.33 0.33 0.33 
0.267 0.267 0.267 
1.0 1.0 1.0 
0.05 0.05 0.05 
0.05 0.05 0.05 
-0.1 -0.1 -0.1 
0.1 0.1 0.1 
- 0.022 - 0.022 - 0.022 
0.00167 0.00167 0.00167 
0.833 0.833 0.833 
capability of the largest plant. Plants 1, 2, 3 supplied 0.50, 0.70, 0.90 per unit power, 
respectively, and 0.40 per unit (16% of total power) was imported via the interconnection 
tie-line. Under these conditions everything was normal and the average system frequency was 
at its nominal value 1.0 per unit (60 Hz). 
Plant 1 was then subjected to a load demand command change from 0.50 to 0.60; Plant 
2 to a load demand command change from 0.70 to 0.80; and Plant 3 from 0.90 to 1.0 all at 
10% per minute, simultaneously. 
The responses of selected variables to these changes in load demand are presented in Fig. 
6. The responses of the three plants are similar in structure and differ mostly in the 
magnitudes of variable excursions. Due to the increase in load demand, the turbine control 
system acts by opening the control value in order to meet the new load demand. This causes 
a drop in the throttle pressure which in turn triggers the boiler control system (throttle 
pressure regulator) to act, thus increasing the firing rate. The power outputs increase, in 
response to the changes in control valve areas, and steady state is achieved in about 400 sec. 
In this test, the tie-line remained connected and so load-generation mismatch within the 
system is absorbed by the interconnection. Consequently, the average system frequency stays 
essentially unperturbed. The simulation results show that the system responds well to these 
changes in load demand command with good control maintained over the variables. 
6.2. Test 2: Loss of tie-line without load shedding (generation unevenly shared by plants) 
The power system was run for 10 set at steady-state conditions corresponding to a total 
load of 2.50 per unit (real power). Plants 1, 2, 3 produced 0.50, 0.70, 0.90 per unit power, 
respectively, and 0.4 per unit power was imported via the tie-line. Under this operating 
condition, everything was normal and the average system frequency was at its nominal value 
of 1.0 per unit (60 Hz). 
Catastrophe then struck and the tie-line is lost (e.g., due to severe lightning strike or to 
prolonged line overload) and the system is thus isolated from the rest of the interconnection. 
This creates a region with insufficient generation to meet the load demand. The responses of 
selected variables to this event are presented in Fig. 7. 
With the loss of the tie-line, there is a sudden loss of the 0.40 per unit power that was 
imported via the line, thus creating an instant load-generation imbalance in the region (total 
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load = 2.50 per unit, total generation = 2.10 per unit). This load-generation imbalance is 
manifested in a drop in the average system frequency. The governor droop action then 
responds to regulate the frequency by increasing the control valve area to increase power 
output. This effort is however hampered by the fact that the increase in control valve area 
causes a drop in throttle pressure which affects the power output. Also, the initial pressure 
limiter which acts to prevent the throttle pressure from decreasing much below 0.95 per unit, 
causes the control valves not to respond completely to the governor droop demand by forcing 
the valves to begin to close when the throttle pressure gets below this value. Besides, since 
Plant 3’s generation is already close to its full load value, much of the burden of meeting load 
8 
d 
1 
t: . 
TIbiE 
30.00 
x 10 ’ Seconds 
40.00 50.00 
Fig. 6a. Average system fresuency and total mechanical power output for normal load demand command change 
(Test I). 
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A: Plant #I 
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Fig. 6b. Control valve area and mechanical power output for normal load demand command change (Test 1). 
demand rests upon only two plants instead of three. In effect, the power plants could not 
generate power at a fast enough rate to meet the load demand without substantial frequency 
excursions. Frequency dropped to 0.978 per unit (58.7 Hz) before finally settling down at 
0.993 per unit. (Note that the governor droop action is a, proportional control action and 
this is why the frequency does not return to 1.0 per unit.) Although the simulation shows 
a recovery from the initial plunge in frequency, the maximum deviation in frequency is 
considerably high. This simulation shows that the loss of the tie-line constitutes quite a major 
disturbance. In fact, in certain situations, loss of tie-lines often called for drastic control 
actions, such as load shedding, in order to secure the systems integrity. 
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A: Plant I1 
8: Plant 12 
E: Plant 13 
, 
10.00 
1 
20.00 
I I 
30.00 40.00 5b.m 
TIME w 10' Seconds 
Fig. 6~. Throttle pressure and firing rate for normal oad demand command change (Test 1). 
6.3. Test 3: Loss of tie-line wi~out load seeming ~~~r~ti~n evenly shared by plants) 
The power system was run for 10 set at steady-state conditions corresponding to a total 
load of 2.50 per unit (real power). Plants 1, 2, 3 supplied 0.65, 0.70, 0.75 per unit power, 
respectively, and 0.40 per unit power was imported via the interconnection tie-line. Under 
these conditions everything was normal and the average system frequency was at its nominal 
value of 1.0 per unit (60 Hz). 
The tie-line is then suddenly lost and the region is thus isolated from the rest of the 
interconnection. Since 0.40 per unit was imported via the tie-line prior to the disturbance, 
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a load-generation imbalance is instantly created in the region.’ The responses of selected 
variables to this event are presented in Fig. 8. Observe that this test differs from Test 2 only 
in the fact that power generation prior to the disturbance is more evenly shared amongst the 
units. As a consequence, the burden of meeting the new load demand is more or less evenly 
shared by all the plant. As a result, frequency excursion is smaller in this test than in Test 
2. The frequency dropped only to 0.991 per unit (59.5 Hz) before finally settling down at 0.993 
per unit. 
The differences between the responses in Tests 2 and 3 shows the effect of generation 
schedule prior to the disturbance and reveals the importance of a control strategy which takes 
into consideration future uncertainties in the system, as a security measure. 
TIME * 10 ' Seconds 
j!/! 
10.00 20.00 30.01) uo.00 50.00 
TIME Y 10' Seconds 
Fig. 7a. Average system frequency and total mechanical power output for tie-line loss when generation is unevenly 
shared by plants (Test 2). 
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Fig. 7b. Control valve area and mechanical power output for tie-line loss when generation is unevenly shared by 
plants (Test 2). 
7. CONCLUSION 
A technique for developing mathematical models adequate for power systems emergency 
state response simulation has been presented. Although only its application to a seven 
node-three machine system has been illustrated, the problem is nevertheless formulated in 
a very general fashion so that it can be applied to other systems with ease. 
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TIME H 10' Seconds 
A: Plant 31 
B: Plant #2 
C: Plant 83 
Fig. 7c. Throttle pressure and firing rate for tie-line loss when generation is unevenly shared by plants (Test 2). 
The simulations presented above have been designed to demonstrate the behavior of power 
plants and average system frequency under normal and abnormal operating conditions. The 
simulations how the effects of governor control action, initial pressure limiter and generation 
schedule prior to the disturbance. Furthermore, they show that the response characteristics 
of the power plants cannot be ignored in the formulation of an emergency state control 
strategy for the power system and that a stochastic emergency state control strategy which 
acts in anticipation of uncertainties in the system is desirable. 
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Fig. 8a. Average system frequency and total mechanical power output for tie-line loss when generation is evenly 
shared by plants (Test 3). 
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Fig. 8b. Control 
(Test 3). 
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A: Plant 11 
6: Plant 12 
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valve area and mechanical power output for tie-line loss when generation is evenly shared by plants 
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Fig. 8c. Throttle pressure and firing rate for tie-line loss when generation is evenly shared by plants (Test 3). 
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